Abstract Mechanical properties of polyvinyl alcohol (PVA) can be reinforced from the addition of graphene into its matrix. However, pristine graphene lacks solubility in water and thus makes dispersion a challenging task. Notably, functionalisation of graphene is required to accommodate graphene presence in the water. In this work, we have used a kitchen mixer to produce gum Arabicgraphene (G GA ) for the first time as filler for mechanical reinforcement of PVA. For the characterisation of exfoliated graphene, mean lateral size of G GA was measured from the imaging by transmission electron microscopy while the mean thickness of graphene was predicted from the obtained spectra by Raman spectroscopy. During the preparation of PVA/graphene film by solution casting, G GA was varied between 0, 0.05, 0.075, 0.10 and 0.15 wt% in concentration. We found that the presence of G GA in PVA improves the tensile stress and elastic modulus about 72-200 and 19-187% from the original values. The data from Halpin-Tsai meanwhile suggested that the mechanical reinforcement of PVA/graphene film is due to the random distribution network of G GA in PVA.
Introduction
Polyvinyl alcohol (PVA) is a synthetic polymer that is produced from the chemical conversion of polymerised vinyl acetate in a hydrous methanol (Cline et al. 1952) . In addition to zero toxicity, the presence of high number of OH bonds in PVA is also allowing high solubility of PVA in water. Despite these advantages, the reported values of tensile strength, r (15.7-74 MPa) for pristine PVA (Chen et al. 2005; Liang et al. 2009; Liu et al. 2005) are remarkably lower than that of industrial polymer such as nylon 6 (Cho and Paul 2001; Zhang et al. 2004) . To improve the mechanical characteristic of PVA, reinforcement by filler is very important as the selected filler must not only enhance the tensile strength of PVA, but also have good interfacial interactions with PVA.
Due to the excellent mechanical properties of graphene, it is the most suitable candidate for mechanical improvement of PVA. However, pristine graphene is hydrophobic in nature and this makes the dispersion of graphene in a hydrophilic polymer like PVA unfeasible. To overcome this challenge, graphene oxide (GO) was commonly used as a filler for PVA due to high solubility of GO in water (Liang et al. 2009 ). The H-bonding between PVA and GO was suggested as a major mechanism in homogeneous distribution of GO in the matrix of PVA. Moreover, the pre-dispersion of GO in PVA would allow reduction of GO to graphene, as been demonstrated by the change from a brownish film of PVA to opaque black after the reduction stage of the PVA/GO film (Kashyap et al. 2016; Zhou et al. 2011) . Currently, functionalisation of graphene with PVA has even been reported for better distribution of graphene in the matrix (Arao et al. 2016) . In their work, sonication and pressure homogeniser were used in the exfoliation of graphite to graphene.
While better mechanical performance was observed for PVA with the incorporation of PVA-graphene synthesised by pressure homogeniser, the application of kitchen mixer as a tool for preparation of gum Arabic-graphene (G GA ) in the mechanical reinforcement of PVA until now has never been discussed. A majority of works on PVA/graphene composite used sonication as a method for production of graphene (Al Islam et al. 2016; Jan et al. 2016) . It is expected that the presence of biocompatible G GA in the matrix would allow the future usage of PVA as material for biomedical and biological application. Therefore, it is important to show that the mechanical reinforcement of PVA can still be achieved from the incorporation of G GA by a kitchen mixer as an exfoliating device.
Herein, we report the application of shear exfoliated G GA as filler for the mechanical reinforcement of PVA. The graphene was prepared from the mixing of graphite and gum Arabic in a kitchen mixer of 800 W. We found that G GA was easily dispersed in the solution of PVA and the resulting PVA/graphene film performed mechanically better than original PVA. In addition, the developed PVA/graphene film also has higher thermal stability than that of pure PVA.
Results and discussion

Characterisations of graphene
To establish that the graphene indeed was produced during the exfoliation in a kitchen mixer, the imaging of graphene in the supernatant was carried out by transmission electron microscopy (TEM). We washed the supernatant in multiple cycles to remove the presence of unbound gum Arabic on the G GA sheets prior to the deposition on copper grid. Figure 1 shows the transparency level of deposited G GA against grid background, which could be used to confirm the thin layer nature of graphene. The wrinkleless sheets here indicate the absence of defect on the graphene surface after functionalisation with gum Arabic (Chabot et al. 2013; Fan et al. 2012) . Sharp edges of graphene sheets meanwhile were caused by fragmentation mechanism during the exfoliation stage . TEM statistical length distribution of G GA shows that the mean lateral size, hLi of graphene after exfoliation is 450 nm. The value definitely is in range with the reported hLi exfoliated graphene by a mixer (Varrla et al. 2014 ) and by high-shear mixer .
While TEM can be applied to measure the length of graphene, Raman spectroscopy data are useful for defect and thickness characterisations of resulting G GA . The obtained Raman spectra for graphite and G GA are presented in Fig. 2 . We found distinct changes to the spectrum of graphene after exfoliation of graphite by a kitchen mixer. There are shifts of D (1348-1339 cm -1 , G (1576-1566 cm -1 ) and 2D (2710-2682 cm -1 ) bands toward smaller Raman numbers, which are indicating the strong effect of exfoliation on the structure of bulky graphite ). To determine the defect level in our produced G GA , the intensity ratios of defect and graphite band (I D /I G ) for graphite and graphene were computed. We note that the value of I D /I G for graphene only slightly increases to 0.11 as compared to that of graphite which is 0.032. This minor difference indicates that the exfoliation by a kitchen mixer did not introduce significant defect to the structure of produced G GA in this work.
The mean layer number hNi of G GA meanwhile was evaluated from the Raman data through intensity ratio measurement of full-width half maximum (FWHM) for 2D band (Green and Hersam 2009) . Based on the resulting FWHM of 2D band for our graphene (86 cm -1 ), and reported FWHM of 2D band for monolayer graphene (35 cm -1 ) (Green and Hersam 2009) , the produced value of hNi for G GA seems to imply that majority of G GA sheets are bilayer when only FWHM of 2D band was concerned. However, this resulting value is not accurate enough as the proposed metric is only suitable for thickness measurement of single graphene sheet (Green and Hersam 2009) and not for vacuum-filtered graphene film. Moreover, our produced graphene is not as pristine as the metric required due to its functionalisation with gum Arabic. Therefore, we have to use another metric for estimation of hN G i of our graphene (Backes et al. 2016) :
The published metric is suitable for the prediction of hN G i from Raman study of vacuum-filtered graphene film and in addition is neglecting the effect of doping or functionalisation on graphene sheet thickness (Backes et al. 2016) . Assuming that the difference between the shoulder and peak of 2D band is -30 cm -1 , the value of M was computed as 0.51 and would result in the hN G i value of 5.1*5 layers with 18% deviation. This new result, however, is consistent with the 2D band pattern of our graphene, which is strikingly similar to the reported 2D band pattern of few-layer graphene previously (Ghoneim et al. 2013; Kim et al. 2012 ).
Characterisation of PVA/graphene
Chemical interaction
To investigate the change of PVA composition after the presence of G GA , we carried out spectra measurements of PVA and PVA/graphene film using infrared spectroscopy (IR). For confirmation of graphene dispersion in the matrix of PVA, IR spectrum of G GA was also collected. The resulting spectra for G GA , PVA and PVA/graphene film are presented in Fig. 3 .
It is clear that the difference between the spectra of PVA and PVA/graphene films is very minor. We note that there is a shift of IR band at 3276 cm -1 towards higher wavenumber (3283-3284 cm -1 ), which indicates the increase of H-bonds in PVA after G GA addition. In addition, this shift is independent of graphene content as the shift rate is fixed at 6 or 7 cm -1 for all PVA/graphene samples. Based on this observation, we propose that the interaction between PVA and G GA can only be achieved at certain concentration threshold of graphene (\0.05 wt%). We also notice that the increase of H-bonds in the macromolecular structure of PVA is in contrast to the previous reported finding on the PVA/graphene film (Yang et al. 2010) . It is important to point out the effect of preparation for resulting IR spectra in this work. While reduction of graphene oxide to graphene was responsible for the dissociation of H-bonds in the structure, the increase of H-bonds in our PVA may be caused by the direct dispersion of G GA in the matrix. The presence of oxygen groups on G GA (Chabot et al. 2013; Fan et al. 2012 ) has led to the increase of more oxygen content in PVA. The evidences for a complete dispersion of graphene in PVA are provided by the shift of IR band at 3460 cm -1 and elimination of IR peak at 1638 cm -1 in the spectra of PVA/-graphene films.
Thermal stability
To test the effect of graphene presence in PVA against heat, we conducted thermogravimetric analysis (TGA) and differential gravimetric analysis (DTG) testing on PVA and PVA/graphene film with 0.05 and 0.15 wt% concentrations. We found a minor shift of typical TGA curves for PVA/graphene films towards higher temperature, which is indicating a change of thermal resistivity for PVA after G GA incorporation. This observation is consistent with the previous reported effect of graphene on the thermal properties of PVA (Guo et al. 2011; Liang et al. 2009 ). From the presented DTG curves of the same samples, we identify the onset temperature, T on shift to 345 from 335°C for PVA/graphene film with 0.05 wt% concentration. However, the shift of T on is only ?5°C when higher graphene contents were incorporated into PVA. We assume that the thermal stability of PVA is very sensitive to the presence of agglomerated G GA sheets as higher addition of graphene tends to stack together in the matrix. In terms of the decomposition phase, the presence of G GA in PVA did not induce any change towards the decomposition route of PVA (Yang et al. 2010) . The resultant TGA and DTG curves of discussed samples are shown in Fig. 4 . 
Mechanical properties
We used tensile plots (Fig. 5 ) and normalised tensile data ( Fig. 6 ) for PVA and PVA/graphene films to highlight the mechanical reinforcement of PVA after the addition of graphene. Impressively, the presence of G GA in PVA is observed to increase the tensile stress, r about 72-200% and Young's modulus, E about 19-187% from the original value of PVA. Importantly, the increase of r and E was applied for all PVA/graphene films without interference from incorporated G GA contents in the matrix. However, the effect of agglomerated graphene in PVA was clear from the reduction of r and E for samples with G GA mass higher than 0.05 wt% concentration. As indicated previously, the even dispersion of G GA in solution casted film of PVA could only be achieved at certain concentration levels of graphene. Aside from dispersion quality of G GA , it is suggested that the tremendous improvement in r and E for PVA with 0.05 and 0.15 wt% of G GA was caused by the length distribution of graphene produced in this work. As reported previously (May et al. 2012) , the aspect ratio of graphene indeed can influence the r and E values. For mechanical reinforcement of composite, load distribution between filler and matrix is preferable for filler with large dimensional area.
We also notice the increase in elongation rate of PVA after G GA addition in matrix. As suggested by theory, the presence of stacked graphene structure from agglomeration acted as a sliding point, which allowed the increase of strain at higher graphene content (Zhao et al. 2010) . With this in mind, we observed the increase in r for PVA/-graphene film at maximum for samples with 0.05 wt% concentration albeit the presence of sheets agglomeration. At higher G GA contents, the dropped value of r was due to the possible presence of more agglomeration regions in the matrix. This observation shows the limitation in our proposed method for preparation of PVA/graphene film. The resulting graphene from exfoliation by a kitchen mixer tends to cause restacking at higher G GA contents during solution casting due to the large surface area possessed by a single graphene sheet. Hence, only low concentrations of G GA are permitted to achieve even dispersion of graphene in the PVA matrix. In spite of the presented issue, the presence of H-bonding between PVA and G GA was validated from the tensile strength reinforcement of the PVA with 0.05 and 0.15 wt% of graphene.
Previously, we used IR to investigate the chemical interaction between G GA and PVA for PVA/graphene film. The interfacial interaction between both materials allows the improvement in mechanical properties of PVA/-graphene films as compared to that of unmodified PVA. However, it was proposed that the aspect ratio and orientation of filler can also affect the Young modulus of PVA aside the interfacial interactions factor (Liang et al. 2009; May et al. 2012) . As suggested by the well established Halpin-Tsai model, a modulus of composite can be dictated from the parallel distributed or randomly dispersed filler in the host polymer network (Affdl and Kardos 1976) . It is apparent that the orientation of G GA in PVA matrix must be studied to evaluate the actual distribution pattern that has led to the increase of E value for PVA film in this work. Herein, we investigate the possible distribution of G GA in PVA from a comparison study between predicted E values against experimentally determined results of E. In a parallel and randomly distributed graphene system, the value of E is expressed as (Affdl and Kardos 1976) :
with,
and,
where E PVA and E G are the elastic modulus for PVA (400 MPa) and graphene. In this work, the value of E G was taken as 0.25 TPa (Gómez-Navarro et al. 2008) . The symbols of g L and g T are known as longitudinal and transverse constant while e is the aspect ratio of used filler, which in this case is G GA . We substituted the values of L and t in Eq. 5 with pre-determined values of 450 and 1.75 nm (5 layers) from TEM and Raman spectroscopy. The volume fraction of G GA , V G meanwhile was computed through the multiplication wt% with q PVA /q G . In this work, the PVA density, q PVA is considered as 1.3 g cm -3 while the density value of G GA , q G was extracted from the density of graphite (2.2 g cm -3 ). The resultant plots of E, E par and E rand as function of V G is presented in Fig. 7 . Surprisingly, we note that the resulting plot for experimental E intercepted the plot of E rand , before dropping further below the line. This suggests that the increase of E for PVA/graphene is majorly contributed by randomly distributed graphene as higher content of G GA would lead to the reduction of E value beyond the domain by agglomerated graphene sheets. This observation is against the previously reported reinforcement effect of graphene for PVA, which implies that the preferable orientation of graphene in matrix is parallel for efficient load distribution in the matrix (Liang et al. 2009; Yang et al. 2010) . However, we also note that the elastic modulus reinforcement of PVA by graphene sheets could still be achieved by randomly distributed graphene sheets in the matrix (Zhao et al. 2010 ).
Physical and morphology
To confirm that the dispersion of G GA indeed was possible in PVA, we photographed the resulting PVA and PVA/-graphene films for the appearance study (see Fig. 8 ). It is clear that the change of PVA colour, which originally was colourless, to darker black at highest concentration of G GA confirmed the possible dispersion of graphene from the exfoliation by a kitchen mixer albeit at the risk of agglomeration for PVA with higher content of graphene.
While visual observation is useful for the initial screening of G GA dispersion state in PVA, we notice that a morphology study must be carried out to correlate the elongation increase from the previous mechanical study with the surface properties of PVA/graphene composite. To achieve this objective, we conducted multiple imaging of the fractured surface of PVA and PVA/graphene film by field emission scanning electron microscopy (FESEM). The resultant FESEM micrographs for PVA and PVA/-graphene films with 0.15 wt% of G GA are presented in Fig. 9 . We observe the increase of ductility regions, which are represented by the wrinkled lines on the surface of PVA after the addition of graphene (Jose et al. 2015) . These ductility regions are randomly distributed on the fractured surface while the ductility regions in pure PVA are Fig. 7 Plotted line for E, E par and E rand estimates that majority of dispersed G GA sheets in PVA are randomly distributed at 0.03 vol% pointing only unidirectionally. This observation for PVA/graphene composite may suggest the effect of randomly distributed G GA in the matrix at higher graphene content as ductility of PVA/graphene film is mainly caused by the presence of stacking graphene in the matrix during the preparation stage (Zhao et al. 2010 ).
Conclusion
In this work, we have demonstrated the applicability of shear exfoliated graphene by a kitchen mixer for the mechanical reinforcement of PVA. In our exfoliation method, the prepared graphene was modified with gum Arabic to allow dispersibility of the material in water and stronger interfacial interactions with PVA. By comparing the tensile test data for PVA and PVA/graphene films, we highlight the increase of r and E after G GA incorporation in PVA. It is also noticed from the Halpin-Tsai plot of modulus that the reinforcement effect in PVA/graphene is contributed by the random distribution of G GA and not by parallel aligned G GA sheets. However, we note that although the dispersion of G GA was possible in PVA, the risk of sheets restacking at higher G GA content ultimately limits the potential of casting as a preparation method for PVA/graphene film. Thus, a new dispersion approach for G GA must be developed in the future to accommodate more graphene presence in PVA during casting. In spite of this presented issue, our proposed exfoliation route is considered a facile and green approach in the synthesis of gum Arabic-graphene. Using a kitchen mixer and gum Arabic, the prepared G GA can be incorporated into PVA for mechanical reinforcement effect. This is likely to reduce the preparation cost of graphene and leading to progress in rapid prototyping of PVA/graphene composites.
Methods Materials
Graphite (332461), gum Arabic (G9752) and PVA (341584) were purchased from Sigma Aldrich (Malaysia) and were used as received. Ultrapure water (Millipore) was utilised as dispersion medium for gum Arabic and PVA.
Preparation of graphene
In the preparation of gum Arabic-graphene (G GA ), we used a kitchen mixer (Philips, HR2096) to disperse 5 mg ml -1 of graphite sheet into 400 ml volume of gum Arabic/water. For optimum production of graphene, the exfoliation medium was prepared prior to the mixing by stirring 5 mg ml -1 of gum Arabic at 30°C. Total operation hour was set for 1 h with speed setting of 16 k rpm. The kitchen mixer was regularly stopped after mixing interval of 10 min due to the temperature increase of processed solution. We note that this is the technical weakness of kitchen mixer as the used motor was rapidly heated up after 10 min of operation. To avoid heat effect on the surface energy of the solution, water bath was used to cool the prepared graphene/graphite solution. After mixing, we used centrifugation at 3000 rpm for separation of G GA from the unexfoliated graphite. The obtained supernatant then was washed through filtration of multiple stages before freeze drying.
Casting of PVA/graphene film
First we dissolved 1.5 g of PVA powder in 30 ml of water at the temperature of 80°C for 60 min. Then, the resulting Fig. 9 FESEM fractured surface for PVA and PVA/graphene film with 0.15 wt% concentration of G GA solution of PVA was left at ambient temperature for cooling for 30 min. In between, we carried out the dispersion of dried G GA into PVA using bath sonication (Branson) with low power setting. The purpose was to avoid the introduction of defects on the graphene sheets as well as to protect PVA against molecular degradation by sonication. From the conducted weight measurement of dried G GA prior to the redispersion, the solutions of PVA/graphene were prepared at different concentration percentage (0, 0.05, 0.075, 0.1 and 0.15 wt%) with total stirring duration of 24 h on the hot plate. The solution was then transferred into a Petri dish and left for drying in a hot oven at 60°C overnight. The crystallised PVA/graphene film was then peeled from the Petri Dish and stored in desiccators equipped with silicate gels prior to the characterisation work.
Characterisation and equipment
Graphene
For the preparation of TEM imaging, we drop casted 0.5 ml of volume from the supernatant onto copper carbon grids (Cat.FF300-Cu) with 300 square meshes. To generate statistical distribution size of exfoliated G GA , we measured the length of 100 graphene sheets using TEM Technai G2-20S-Twin (FEI). In the Raman spectroscopy characterisation, we used a vacuum-filtered graphene film as a sample. The graphene film was washed extensively prior to analysis to prevent the influence of excessive dispersant on D band graphene. We conducted Raman measurements on the graphene sample using WITec Alpha 300R model with excitation wavelength of 532.139 nm.
PVA/graphene film
Fractured surface of PVA strips from mechanical tensile test were studied using FESEM. Each of the sample surfaces were coated with platinum for production of clearer micrographs during the imaging by JEOL JSM 7800F. In the measurement of IR for PVA and PVA/-graphene film, the IR analyses of samples were carried out on the previously casted film. To study the thermal stability of PVA after the presence of G GA , we conducted thermal gravimetric analysis (TGA) on the samples using Mettler Toledo TGADSC1. Temperature of furnace was set between 25 and 900°C with heating ramp of 10°C min -1 . To avoid oxidation during the heating of the sample, nitrogen was purged in at the rate flow of 20 ml min -1 . Prior to the tensile test measurement, 5 strips with dimension of 50 9 25 9 0.15 each were cut out from the casted film of PVA/graphene composite. Care was taken during cutting of the strips as any presence of notches along the rectangular film boundary can affect the tensile measurements. These films were conditioned for 24 h prior to the testing in desiccators for removal of moisture from the film. During the testing, the strip was mounted between a pneumatic-powered clamper. A universal testing machine (Instron) with load cell of 250 N was employed for the measurement of the strips at the extension rate of 5 mm min -1 . The ambient temperature during the measurement was recorded at 26°C.
